The matrix assembly cluster source (MACS) represents a bridge between conventional instruments for cluster beam deposition (CBD) and the level of industrial production. The method is based on Ar + ion sputtering of a pre-condensed Ar-M matrix (where M, is typically a metal such as Ag). Each Ar + ion produces a collision cascade and thus the formation of metal clusters is in the matrix, which are then sputtered out. Here we present an experimental and computational investigation of the cluster emission process, specifically its dependence on the Ar + ion angle of incidence and the cluster emission angle. We find the incidence angle strongly influences the emerging cluster flux, which is assigned to the spatial location of the deposited primary ion energy relative to the cluster into the matrix. We also found an approximately constant angle between the incident ion beam and the peak in the emitted cluster distribution, with value between 99° and 109°.
Introduction
Cluster beam sources were developed in the early 1980s for fundamental studies of free cluster physics, leading, for example, to the discovery of magic numbers in metal and rare gas clusters [1, 2] . Within 10 years, these instruments were adapted to enable cluster beam deposition (CBD) onto surfaces [3] . Such sources are based on physical processes for material vaporisation and then cluster (nanoparticles) aggregation, that highly differ from the chemicalbased approaches. CBD sources are characterized by a number of potential advantages, such as (i) purity, the nanoparticles are produced with a solvent-free synthesis route and, therefore, are characterized by high surface activity as no ligands or reducing agents are attached to their surfaces [4] ; (ii) versatility, as the cluster can be produced from any base material (metal, alloy, semiconductor), while conventional chemical routes rely on the availability of different precursors [4] [5] [6] ; (iii) tunable defects, as under controlled conditions it is possible to synthesize defect-rich material which can broad on their potential applications [7, 8] . Furthermore, by coupling the CBD source with the mass selection stage, it is possible to select the size of the clusters [9] . The cluster produced following this route are exploited in many diverse research fields, ranging from magnetism [10, 11] and plasmonics [12, 13] to catalysis [4, 14] and biomedicine [15] .
The beam current from such CBD sources is typically limited to the 0.1-1 nanoampere regime. The amount of material generated is thus only ~ μg/h [16] , or below. Thus is generally sufficient for model studies, but cluster beam research also has the potential to contribute to technological challenges, e.g., in biomedicine or fine chemicals catalysis. To reach this goal, it is necessary to scale-up the deposition rate up to ~ mg/h or even ~ g/h rate.
A number of efforts to scale-up cluster beam deposition have been reported [17] [18] [19] [20] . In this context, a completely new type of cluster beam source, the matrix assembly cluster source (MACS), was invented by our group [21] [22] [23] [24] [25] . In this approach, evaporated metal atoms are co-condensed with rare gas atoms on a substrate cooled down to 10-20 K in vacuum. An Ar + ion gun is then exploited to bombard the matrix. Metal clusters are produced, ripened and sputtered out of the matrix as a result of the collision cascades initiated by successive incident ions. The cold matrix acts as the refrigerant needed to assist body collisions [21] . Early applications of clusters from the MACS include catalysis of the oxygen evolution reaction (OER) over Co clusters in alkaline media [25] and the vapour phase selective hydrogenation of 1-pentyne to 1-pentene over Pd and Pd/Au clusters [4] . Therefore, this novel cluster source can be used to produce any kind of nanostructured material, both single elements or alloys, with unprecedented deposition rates. Its development represent a serious step forward in the prospective exploitation of cluster properties in technological applications.
Understanding the cluster emission mechanism is fundamental to improve the MACS performance further. In this paper we present a systematic experimental study of the effect of the incident ion beam angle upon the cluster beam flux, and of the angular distribution of the clusters emerging. The experiments are complemented by large scale molecular dynamic simulations.
Experimental and computational methods
The configuration of the MACS employed in the experiments is shown elsewhere [22, 24] and the incident and collection angles are defined in Fig. 1 .
The matrix support was a 15 mm × 40 mm copper plate, cooled below 20 K with a continuous flow of liquid helium. Ar gas was introduced into the chamber through a leak valve and the pressure set at ~ 5 × 10 −6 Torr during the matrix condensation. The Ag deposition rate into the matrix was 0.05 A/s (measured with a quartz crystal microbalance), corresponding to a metal loading of 0.8%. The thickness of the matrix grown was around 100 nm. The energy of the Ar + ion beam used to sputter the matrix was 2.5 keV, with current at the matrix of 3.2 μA. Minor of the ion beam fluctuations were addressed by setting the total charge deposited onto the cold finger constant (2.2 × 10 −4 C). The sputtering time (also the cluster deposition time) was 30 s for each sample. Referring to Fig. 1(b) , it is possible to change the sputtering angle, α, by rotating the matrix support. For each sputtering angle (α) employed, cluster were collected at a range of different angles (β) by mounting different TEM grids on the same sample stage. The number and size distributions of the deposited clusters were obtained from high-angular annular dark field (HAADF) images in a probe-corrected STEM (JEOL 2100F, with a CEOS spherical aberration corrector). The HAADF images were acquired with inner and outer collection angles of 62 and 164 mrad (camera length 10 cm).
The molecular dynamics (MD) simulations performed to study the cluster emission process focused on the removal by sputtering of cluster already formed in the matrix (described as simulation Type S2 in our previous paper [26] ). In the current work, a larger simulation cell (up to 432 Å × 432 Å × 320 Å) was constructed in order to simulate higher energy (2 keV) ion impact. We embedded one Ag cluster of different sizes: 6,631, 1,965 or 321 atoms, with diameters of 6, 4 or 2 nm, respectively, in an amorphous Ar matrix. The total number of the atoms in the system is about 1.5 million. Unlike the previous simulations where the Ag cluster was embedded at a distance of 10 Å below the open surface [26] , here the cluster was only half-buried by the matrix, as shown in Fig. 2 (a). The centre of the cluster is at (0, 0, 0). The choice of the current simulation model is based on the benchmarking simulations as shown in the Electronic Supplementary Material (ESM). The cluster which is embedded at a distance of 2 nm below the open surface, had very limited chance to escape from the crater with a 45-degree impact and mainly remains half-buried on the surface. Therefore, we choose this well-defined model to study the effect of the energy deposition. We noticed that a single crystalline structure for the Ag cluster could lead to strong channelling effects [27] at certain incident angles. Therefore amorphous clusters were generated by the following process: (i) a quasi-spherical cluster was cut from the bulk fcc Ag, (ii) the cluster was heated to 2,000 K for 10 ps and quenched to 10 K for 5 ps, so the cluster adopts a poly-crystalline structure, (iii) the cluster was rotated to a random axial angle, and (iv) the cluster was halfembedded in the Ar matrix and the interface relaxed to the local minimum energy to avoid overlap between Ag and Ar atoms. After the cluster was inserted, the simulation cell was additionally relaxed over 100 ps, so the initial system was in equilibrium at 10 K. An incoming Ar atom was initially placed at (dx, 0, dz), where dx is the displacement in the x direction and dz was equal to 50 Å in all cases. We defined the off-centre distance I as the perpendicular distance from the centre of the cluster to the ion beam. We ran the simulations with different values of dx, ranging from −60 to +60 Å (the corresponding I ranges from −42.4 to 42.4 Å). The neutral Ar atom is inserted instead of the positive charged ion, because Coulombic interaction between the ion and bulk matrix can cause the complex charge transfer which cannot be caught by classical MD. All simulations were conducted using the classical MD code LAMMPS [28] and results visualized using OVITO [29] .
In order to directly compare with the experimental statistics, we also launched a multiple-impact irradiation simulation with an array of embedded clusters. As shown in Fig. 2(b) , the initial structure consists of 338 2-nm Ag clusters which are randomly embedded in the matrix. The size of this cell was 432 Å × 432 Å × 320 Å. The corresponding Ag load was 4.7 at.%. The structure was first prepared and relaxed following the same process as above. The Ar atoms with kinetic energies of 2 keV were injected at random positions laterally from a starting point 8 nm above the original matrix surface. The incident angle, α, was kept at 30°. During the simulation, all the sputtered atoms 150 Å above the surface were removed from the simulation every 10,000 MD steps. We simulated 100 ion impacts and obtained 32 emission events.
Results and discussion
The yield and angular distribution of clusters emerging from the matrix for each four of incidence angles (10º, 15º, 35º and 45º) were obtained from the cluster density in the STEM-HAADF images. Figure 3 shows a set of STEM-HAADF images, and corresponding size distribution graph for clusters prepared at α =10° for three different collection angles. In each case, the size of the clusters spans the range from 50 to over 5,000 atoms/cluster and the peak size slightly shifts down as β increases. However, this peak always lies between 200 and just over 300 atoms/cluster. Figure 4 shows STEM-HAADF images and corresponding size distributions for cluster prepared at three different sputtering angles, α, of 10º, 35º and 45º, and integrated over the whole range of collection angles, β, ranging from 1º to 120º. Again the peak size lies between 200 and 300 atoms/cluster. Most clusters (over 65%) contain from 150 to 450 atoms/cluster. The results of Figs. 3 and 4 indicate that the cluster size distribution does not depend much at all on either the sputtering or collection angles.
In Fig. 5 (a), the number of cluster collected as a function of the collection angle β is reported for different sputtering angles α. The overall yield of clusters increases for smaller α (more grazing incidence). The collection angle β at which the highest intensity is measured, βmax, decreases as α increases. As shown in Fig. 5(b) , the relationship between α and βmax is in fact close to linear. Furthermore, the angle  subtended between the incident angle α and the corresponding βmax, as calculated using Eq. (1), is approximately constant with a value between 99° and 109°, as evidenced in Table 1 (the value decreases slightly with increased incident angle α).
From Figs. 5(a) and 5(b) it is possible to observe that the highest cluster flux is obtained when α = 10° and βmax = 60°. We use MD simulations to shed some light on the atomistic origin of the observed angular dependence. In the benchmarking simulations, we study the crater formation in the pure Ar matrix under 2 keV Ar irradiation as shown in Fig. S1 in the ESM. The result shows that the craters from 10 independent simulations, have the depth of 5 nm and the diameter of 10 nm in average. The further simulations with small Ag cluster embedded at the different depths (0, −1, −2 and −3 nm) indicate that the significant emission only occurs with shallowly embedded cluster (i.e., 0 and −1-nm embedded depth). The deeply buried clusters mainly stay at the bottom of the crater as shown in Fig. S2 in the ESM. Therefore, we will focus on the emission of the half-buried clusters. We identify two mechanisms which lead to any distribution we observe. If the Ar ion is stopped by the Ag cluster, as in case in Fig. 6(b) , the deposited energy will be confined within the cluster before transfer to the Ar matrix across the whole matrix interface. This results in rather uniform sublimation of the matrix around the cluster, later leading on to nearly vertical cluster emission (β ~ 90°), as shown in Fig. 6(b6) . In case of Fig. 6(a) , the impact point is positively off the centre of the Ag cluster (I = 10.4 Å), and the primary energy deposition is confined within the cluster, as shown in Fig. 6(a3) . Therefore, the emission direction is again about vertical. By contrast, in case of Fig. 6(c) , the negative off-centre impact causes the energy deposition to be focused on the other side of cluster/matrix interface, so the resultant collection angle β is close to 60°. This result indicates that the primary energy deposition distribution must be an essential factor in determining the angular emission. Therefore, we further tested the effect of the initial impact point on the emission process. As shown in Fig. 6 , the initial process of energy deposition is finished within the first 1 ps. The distribution of the deposited energy can be clearly mapped by examining the kinetic energies of atoms after about 1 ps, as shown in Fig. 6 in the third frame of each sequence. The full table is attached in Fig. S3 in the ESM, where more impact points are included. The dependence of the emission direction on the localized primary energy deposition is consistent with the selected results shown in Fig. 6 .
In the schematic illustration of Fig. 7 , we summarize four situations, depending on the impact point of the ion with respect to a 6 nm Ag cluster; the orange colour intensity indicates the deposited energy trend. As shown in cases (a) and (d), if the impact point is far away from the cluster-matrix interface, the cluster will not detach from the matrix because of insufficient energy transfer to the nanocluster. In cases (b) and (c), the cluster and the interface can both stay in the high-temperature state for long enough to enable the emission process. In (b) the cluster is emitted on the opposite of the normal to the surface with respect to the incident ion. A key concept in (c) is the shadowing effect of the cluster for the incoming ion; a large fraction of ions with positive I will be stopped within the cluster, without initiating any cascade in the Ar matrix in front of the cluster. The energy deposited from the ions in the cluster will be transmitted uniformly to the matrix and subsequently promote vertical cluster emission. Therefore, the average emission direction for α = 45° lies at β = 45°-90° for the 6 nm cluster. When we simulate the same process with smaller clusters of 4 nm in diameter, the results confirm that the primary location of the sublimation zone determines the angular dependence of the cluster emission. However, for 2-nm clusters (200-300 atoms/cluster) the energy confinement within the cluster is negligible. Therefore, these simulations struggle to explain the off-normal except for clusters larger than about 4 nm, and we need to look for other explanations for the experimental distribution of Figs. 3 and 4 . One factor that may merit consideration is the local surface roughness of the matrix, which is likely to affect the emission process (see Fig. S4(b) in the ESM). In fact, the matrix surface roughness increases from 0.85 to 35 A after only 100 ion impact events, as shown in Fig. S5 in the ESM.
In an attempt to better mimic the experimental conditions, we conducted another kind of simulation, by constructing a new matrix containing 338 randomly embedded clusters (rather than just one), which corresponds to 4.7% Ag loading in the solid Ar matrix. Although the metal loading is higher than the experimental value, the cascade and crater generated by 2 keV Ar is within 5 nm in radius. Therefore, the well separated clusters can be considered as independent systems without interfering each other. The sizes of all the clusters are about 2 nm in diameter (190-220 atoms/cluster). A hundred successive 2 keV irradiation events were simulated with the angle α set to 30°, which is representative of the experimentally investigated range. In these simulations, we observed 32 cluster emission events. As shown in Fig. 8 , we identified these emission events as either "hit" or "miss", based on the value of the emission angle β measured from the horizontal plane of the initial surface. If β > 90° (red lines in Fig. 8(a) ), the emitted cluster will "miss" the sample stage; if β < 90° (green lines in Fig. 8(a) ), the cluster will likely be collected on the sample stage and counted in the statistics of the angular dependence of the emission. The histogram of the emission angles of all 19 "hits" events is shown in Fig. 8(b) . The most probable emission angle, βmax, from the simulations is around 50°, and the subtended angle between incident ion and βmax is thus 100°. These results are in good agreement with the experimental results; in effect, the surface roughness created by ion bombardment selects a privileged set of emitted trajectories for collection in the experiment.
Analysing in detail the dynamics of Ag cluster emission, we identified two kinds of cluster emission event. In the majority of events, as shown in Fig. 9 Type I, the ion impacts in the vicinity of a Ag cluster and generates a collision cascade in the Ar matrix. The expansion of the heated cascade region generates a strong shock wave in the cold matrix; energy and momentum are transferred to the Ag cluster. If the cluster is close to the surface, and the cascade has initiated beneath it (more likely in grazing incidence), the shock wave is able to provide sufficient kick for the cluster to escape. On the other hand, a small fraction of the clusters receives a direct hit by the impacting ions, as shown in Fig. 9 Type II. In this case, a large fraction of the energy is deposited into these particles, dramatically raising their temperature, and there is no momentum transfer in favour of the emission at a specific angle. But the high temperature of the particle will heat up the surrounding Ar, possibly resulting in the random emission of the Ag cluster. The escaping clusters in Fig. 9 , Type I and Type II, are indicated using dashed circular lines. Averaging over the different kinds of emission, the subtended angles are statistically biased towards 100°, which is independent of the incidence angle, as observed in the experiments (Fig. 5(a) ), but is closely related to the shock wave formation and propagation. Moreover, due to the limits of the computational time required, the authors note that several experimental parameters, such as size distribution of the clusters and grazing angle emission rate, are not studied computationally in this paper. Further (Monte Carlo) simulations are necessary to comprehensively investigate these parameters, which is beyond the scope of the present study.
The measured cluster sizes range from tens of atoms to more than 5,000, and most of the collected clusters have a few hundred atoms, as shown in the Figs. 3 and 4 ; smaller clusters are less common as already discussed in our previous paper [24] . In this range of dimension (200-300 atoms/cluster) the simulations show that the cluster emission direction follows the thermal spike's path, described in [26] : clusters are emitted for β both smaller and bigger than 90°. Because of the deposition system geometry, only clusters emitted for β < 90° are collected on the sample stage ( Fig. 1) . Therefore, the formed shock wave causes the neighbouring clusters to be emitted with β angles < 90° and, as a consequence, the number of uncollected clusters decreases. Furthermore, as small cluster emission is guided by the Ar flow direction and thus by the formed shock wave propagation, the optimal emission direction subtends an angle of around 100° with the incident direction, in harmony with the value obtained experimentally (as indicated in Table 1 ).
Conclusions
In this paper, we have reported the angular distribution of clusters generated in the MACS and shown that the highest cluster flux is obtained when the sputtering ion beam is near grazing (α = 10°). The measured cluster size was largely independent from MACS deposition system's geometry. We observed a correlation between the angle of incidence α and the collection angle with the highest cluster flux, βmax. The angle subtended is approximately constant with value between 99° and 109°. 
Figure 9
Two different impact processes from the continuous irradiation simulations. Type I: the ion impacts on the Ar matrix. The energy and momentum is transferred from the matrix to the cluster via the collective motion of the Ar atoms. Type II: the ion impacts on a cluster. The energy spreads from the cluster to the surrounding matrix. The colour coding represents the velocities of atoms along the x axis.
By MD simulations, we showed that direct ion impacts on a large metal nanocluster 4-6 nm in diameter lead to deposited energy confinement within the cluster and uniform matrix sublimation around it. Such nanoclusters emit mainly normally to the surface of the substrate. The non-uniform fast sublimation of the Ar matrix from one side of the cluster, on the other hand, will promote biased emission. These results suggest that the cluster size and the local surface configuration should regulate the emission of nanoclusters, since for the large size clusters the energy is mainly deposited within or near the cluster. The emission of small clusters 2 nm in diameter from a cryogenic matrix is shown to be driven by the shock waves which are generated by the collision cascades ignited by incoming ions beneath the near-surface nanoclusters. The direct comparison of MD simulations and the experiments shows a good measure of agreement between them. The MACS cluster emission mechanism investigated here should lead to more efficient cluster beam generation/collection, as required by industrial applications.
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